Nucleon and A resonances in ^£(1385) photoproduction from nucleons 



OO 
O 

o 

(N 
3 



Yongseok Oh, 1 '* Che Ming Ko, 1 ' t and K. Nakayama 2,3, * 

'Cyclotron Institute and Physics Department, Texas A&M University, College Station, Texas 77843, U.S.A. 
^Department of Physics and Astronomy, University of Georgia, Athens, GA 30602, U.S.A. 
Institut fur Kernphysik, Forschungszentrum Julich, D-52425 Julich, Germany 

The reaction mechanisms for ifS(1385) photoproduction from the reaction 7P — > A + E°(1385) 
in the resonance energy region are investigated in a hadronic model. Both contributions from N 
and A resonances of masses around 2 GeV as given in the Review of Particle Data Group and 
by the quark model predictions are included. The Lagrangians for describing the decays of these 
resonances into AE(1385) are constructed with the coupling constants determined from the decay 
amplitudes predicted by a quark model. Comparing the resulting total cross section for the reaction 
7P — > isT + E (1385) with the preliminary data from the Thomas Jefferson National Accelerator 
Facility, we find that the most important contributions are from the two-star rated resonances 
A(2000)F 3 5, A(1940)D 3 3, and iV(2080)-Di 3 , as well as the missing resonance iV§"(2095) predicted 
in the quark model. Predictions on the differential cross section and photon asymmetry in this 
reaction are also given. 
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I. INTRODUCTION 

Strangeness production from photon-nucleon reactions 
has been extensively studied in recent experiments at 
electron/photon accelerator facilities [1-4]. Among the 
motivations for such studies are to obtain a deeper un- 
derstanding of the baryon resonances and to search for 
the so-called missing resonances, whose existence is pre- 
dicted by quark models but has not been experimentally 
confirmed. Most of the data from these experiments 
are for reactions of kaon photoproduction which are ac- 
companied by the ground state of A or £ hyperon, i.e., 
A(1116) or £(1193). Recently, there have been reports 
on experimental studies of other strangeness production 
processes that include K*A, AT*£, and A"£(1385) pho- 
toproduction [5-7] . Although the reported cross sections 
for these reactions are smaller than those for ATA(1116) 
and K £(1193) photoproduction, the suppression factor is 
not large. In fact, the magnitude of the cross sections for 
these reactions in the resonance region, corresponding to 
total center-of-mass energies around 2 GeV, is as large as 
one half of the ATA(1116) and AT£(1193) photoproduction 
cross sections. This indicates that these reaction chan- 
nels cannot be neglected in a full coupled channel calcu- 
lation for extracting the properties of these baryon res- 
onances [5]. In addition, these reactions have their own 
interesting physics regarding the structure of hadrons. 
For example, photoproduction of AT* A and AT*£ can be 
used to obtain information on the properties of strange 
scalar k meson [8, 9]. 

Regarding the missing resonance problem, photopro- 
duction of AT£(1385) provides a useful tool for test- 
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ing baryon models in the literature. According to the 
quark model of Ref. [10], most nucleon and A reso- 
nances have small couplings to the AT£(1385) channel. 
Some resonances, mostly missing or not-well-established 
ones, are, however, predicted to have large partial decay 
widths into this channel. For example, the missing res- 
onance JV| (2095) was predicted to have a decay width 

of r(AT§~(2095) -> #£(1385)) « 60 MeV. Therefore, 
photoproduction of Af£(1385) could be an ideal reaction 
in which one can search for such resonances. 

Experimental studies of AT£(1385) photoproduction 
are very rare, and only limited experimental data on the 
total cross section for -fp — ► AT + £°(1385) with large error 
bars have been reported [11-13]. The CLAS Collabora- 
tion at the Thomas Jefferson National Accelerator Facil- 
ity recently measured the cross section of this reaction 
at 23 different photon energies covering from the thresh- 
old up to 3.8 GeV [5]. More accurate data for the total 
and differential cross sections are expected to be reported 
soon [14]. We will use the preliminary data for the total 
cross section of this reaction reported in Ref. [5] for our 
study. 

Theoretical investigation of AT£(1385) photoproduc- 
tion is also very scarce. To our knowledge, only a few 
theoretical studies on this reaction were reported quite 
recently. In Ref. [15], contributions from the single and 
double AT-meson pole terms to the differential cross sec- 
tion of this reaction were compared, while the role of 
A(1700) resonance near the threshold region was ad- 
dressed in Ref. [16]. In this paper, we present a model 
for AT£(1385) photoproduction from the reaction 7p — > 
A" + £°(1385), based on an effective Lagrangian approach. 
In addition to the i-channel K and K* meson exchanges, 
we consider the s- and u-channel diagrams as well as the 
contact term, which are required by crossing symmetry 
and the gauge invariance condition. We also investigate 
the role of resonances in this reaction. For this purpose 
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FIG. 1: Feynman diagrams for 7p — > i^ + E* . AT' stands for 
the nucleon, A, and their resonances, and Y' the A, E, and 
their resonances. For details of the contact term [diagram (d)] 
used in the present work, see Eq. (15). 



we construct the Lagrangians involving the decay of res- 
onances into -?T£(1385). The coupling constants in these 
Lagrangians are determined by decomposing the decay 
amplitudes according to the relative orbital angular mo- 
mentum of the final if £(1385) state and then comparing 
them with those known empirically or calculated from 
hadronic models. 

This paper is organized as follows. In Sec. II, we dis- 
cuss the effective Lagrangians employed in the present 
work. This includes the general form for the K*NT,* 
interactions (or pNA interactions), which has been over- 
looked in the literature. Numerical results on the total 
and differential cross sections as well as the photon asym- 
metry are presented and discussed in Sec. Ill, which is 
followed by a summary and discussion in Sec. IV. The 
propagators of spin-3/2 and -5/2 baryons are given in 
Appendix A together with the isospin structure of the 
interaction Lagrangians. Given in Appendix B are de- 
tails on the decay amplitudes of baryon resonances into 
If £(1385) and A/7, which are used to relate the coupling 
constants in the interaction Lagrangians to the predicted 
decay amplitudes from hadronic models. 



II. THE MODEL 

A. Effective Lagrangians 

Particle production in photon-nucleon interactions has 
been extensively studied in hadronic models based on ef- 
fective Lagrangians. This includes the production of var- 
ious mesons [17], charmed hadrons [18], S baryons [19], 
and exotic baryons [20, 21]. In this paper, we use 
this approach to study the reaction -yp — > if+£°(1385). 
The production mechanisms for this reaction are shown 
in Fig. 1. Figure 1(a) includes the t-channel K and 



K* meson exchange diagrams. The s-channel diagrams 
shown in Fig. 1(b) contain contributions from non- 
strange baryons, i.e., nucleon, A and their resonances. 
In the present work, we consider resonances of masses 
around 2 GeV as the purpose of this work is to inves- 
tigate the role of such resonances in this reaction. Res- 
onances below the if£(1385) threshold are not consid- 
ered since there is no information on their couplings to 
the if£(1385) channel. The w-channel diagrams shown 
in Fig. 1(c) contain hyperons and their resonances. Al- 
though all A and £ resonances can contribute to the reac- 
tion through this diagram, only A(1116) and £(1385) are 
considered in the present study as there is no information 
on the photo-transitions between £(1385) and hyperon 
resonances with masses around 2 GeV. Figure 1 (d) is the 
contact diagram required by gauge invariance. 

The production amplitudes from the diagrams for t- 
channel K exchange, s-channel nucleon term, u-channel 
£(1385) term, and the contact term can be calculated 
from following effective Lagrangians: 



C^ KK = ieA ll (K-d> i K + - d»K-K+) , 



fKN ^-d u KV^ -tN+ H.c. 



-7ATAT 



I + T3 



M K 

M K V ^ 

+ H.c, 



K 



N 



2M N 
P + V2Y, 



(1) 



where Mk is the kaon mass, A^ is the photon field, and 
£* is the Rarita-Schwinger field for the £(1385) of spin- 
3/2. 1 The isodoublets are denned as 



K = 



K+ 
K° 



), Tt=(K-,K°), N=(>). 

(2) 

The electromagnetic interaction of the £* field contains 



K ^-a^d A a g^, 



2M N 



(3) 



where Mjv is the nucleon mass and T3 = diag(l, 0,-1). 

For the K A£* coupling, it can be related to the 7rAA 
coupling by the SU(3) flavor symmetry relation, 



f-rrNA _ ^q/kNI. 



M K ' 



(4) 



where M v is the pion mass. Estimating the ttNA cou- 
pling as /ttjva = 2.23 from the Delta resonance decay 



1 In this work, we do not consider the off-shell properties of the 
Rarita-Schwinger field. 
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width T(A — > Ntt) = 120 MeV, we obtain from the above 
equation /kny,* = —3.22. The electromagnetic interac- 
tions of baryons contain the baryon anomalous magnetic 
moments. We use the empirical value n p = 1.793 for the 
proton. Since the magnetic moment of £°(1385) is un- 
known, its value is taken from the quark model prediction 



given in Ref. [22], i.e. 



0.36. 



For the i-channel K* exchange, we use the Lagrangian, 



C~«kk* = g K , Kl e^ af} d ft A,d a K;-K+ + H.c., (5) 



for the "fKK* interaction with g K » Kl = 0.254 GeV 1 , 
which is determined from the empirical value of the K* 
decay width r(if* ± -> K^) w 50 keV. We note that 
for neutral K* , g K , Kj = -0.388 GeV" 1 as T(K*° -> 
K°-f) m 116 keV, and the signs of these coupling con- 
stants are fixed by the quark model. 

For the interactions of a vector meson with spin- 1/2 
and spin-3/2 baryons, i.e., for the vertex of § — > 1 + |, 
there are in general three independent interaction terms 
from consideration of angular momentum and parity con- 
servation. The most general form of the K*NT,* inter- 
action Lagrangian can be written as 



K" NT,* 



1 K r lvl5 N 



2M N 

+ 



#2 -T7*t il '^* o t\ j 

~ K S M ' r l5 d v N 



(2M N 



33 d„K^X-T7 5 N+ H.c.,(6) 



(2M N ) 



where K* 



d v K* and K* 

h 1 



is an isodoublet as 



K in Eq. (2). To determine the coupling constants g 1 2 3 , 
we again make use of the SU(3) relations to relate them 
to the pNA coupling. For the coupling constant gi, the 
SU(3) relation 



n pNA K" NT" 

M„ 



2 AT 



N 



(7) 



leads to g x = —5.48 for the K*NT,* coupling if the em- 



pirically determined value g' x 



pNA 



[23, 24] is used. 



Since the other two couplings, g 2 and g 3 , in the pNA 
interactions have never been seriously considered in pre- 
vious studies, corresponding couplings for the K*NT,* 
interactions thus cannot be determined. In the present 
study, we treat g 2 and g 3 in the K*NY,* interactions as 
free parameters and vary their values to find their role in 
AT£(1385) photoproduction. 

The w-channel diagrams shown in Fig. 1(c) contain 
intermediate hyperon Y'. Because of the lack of infor- 
mation on the radiative decays of hyperon resonances 
to £(1385), we consider only the contribution from the 
ground state hyperons. The effective Lagrangians for 



these diagrams are 



Ct*Yj = — 



iefi 

2My 

eh 



-KNY — 



{2M Y 

9kny 



Y lvlb F^ 

d v Y lb F^*+ H.c, 



M 



n 



-JV 7 W + H.c, (8) 



where = d yL A v — d u A^ and Y stands for a hyperon 



with spin-1/2. For the intermediate A(1116) state, we 
use the radiative decay width, r(£(1385) — > A7) = 
479 ± 120 keV, as recently measured by CLAS Collabo- 
ration. To estimate the relative strength of the two cou- 
pling constants, we make use of the quark model result 
of Ref. [26] for the hclicity amplitudes A 1 / 2 and A 3 / 2 ( scc 
Appendix B), which gives the ratio ^43/2/^-1/2 ~ 1.82. 2 
Combining the two information, we obtain 



h = 4.52, h = 5.63. 



(9) 



The coupling constant g^Nk can be determined by flavor 
SU(3) symmetry relations, which give g KN ^ — —13.24. 
For the intermediate £(1193) hyperon, there is no ex- 
perimental data for T(£(1385) -> £(1193)7). However, 
most hadron model calculations show that the decay 
width of £(1385) -> £(1193)7 is less than 10% of that 
of £(1385) -> A(1116)7 [26, 27]. With g KNl: = 3.58 
from the flavor SU(3) symmetry, we have estimated that 
the contribution from the u-channel £(1193) is only at 
the level of 0.5% of the u-channel A(1116) contribution. 
In the present work, therefore, we will consider the u- 
channcl diagram with the A(1116) hyperon only. 

As we have mentioned above, the motivation for the 
study of if£(1385) photoproduction is to identify the 
contributions from baryon resonances. For this purpose, 
we consider the contributions from both nucleon and A 
resonances in the present work, which requires the in- 
teraction Lagrangians for photoexcitation of a resonance 
from a nucleon as well as for its decay into /T£(1385) 
channel. For the former, we use 



£RN~f{\ ) 
^flW 7 (| ± ) 



^flN 7 (| ± ) 



jA-NT^a^A^R + R.c, 

2M* K b K » 
e Jl 3 NT^F^B 4-Hr 

e Jl A7r (=F ^ 8 a F^ u E 

" J ' 2 H,,.W 1 <7* /••'"- /,', ., + H.c. 



(2M N ) 



(10) 



2 We note that most theoretical predictions [26, 27] underestimate 
this decay width. 
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where R, R^, and i? M „ are the fields for the spin- 1/2, 3/2, 
and 5/2 resonances, respectively, with 



For s- and it-channel diagrams and i-channel K* ex- 
change, we adopt the form factor 



r (±) = { 7m7 5 



r (±) 



7 5 
1 



(11) 



F B (q, 



ex, ^ex 



) = 



nA% 



iA% + (g 2 x - M 2 X )< 



(14) 



It should be noted that the coupling constant /j has 
isospin dependence if the resonance R has isospin 1/2, 
while it is isospin blind if the isospin of R is 3/2. Since 
we only consider in the present work photoexcitation of 
resonances from the proton, the isospin quantum number 
is fixed in the process. 

For the decay of a resonance with spin j into 
AT£(1385), the number of possible interaction terms in 
the Lagrangian is restricted by the angular momentum 
and parity conservation. The interaction Lagrangian has 
one term for a j = | resonance but has two terms for 
a resonance with j > |. Explicitly, the effective La- 
grangians for RKY,* interactions can be written as 



'.RK£»(f ± ) 



M K 
% 

+ ^|-^a a xs;r( ± )i? M + H.c., 



K 



Ml 



a/3 



- -± T d ll d a d p KtlT { ^R afj + H.c. 

K 



(12) 



In evaluating the Feynman diagrams (b) and (c) in 
Fig. 1 for the reaction jp — > AT + £°(1385), we need also 
the propagators of baryon resonances. They are given 
explicitly in Appendix A for baryon resonances of spins 
up to 5/2, together with the isospin structure of their 
interaction Lagrangians. For the coupling constants /1.2 
in Eq. (10) and hi 2 in Eq. (12), they can be related 
to the photon hclicity amplitudes of R — > N-y and the 
decay amplitudes of R — ► if £(1385), respectively. These 
relations are given explicitly in Appendix B, and they 
allow us to determine the coupling constants once these 
amplitudes are known either empirically or from models 
for hadrons. 



Form factors 



which goes to a Gaussian form as n — > 00. In Eqs. (13) 
and (14), q CVL is the four-momentum of the exchanged 
particle of mass M ex . The cutoff parameters Am and A^ 
as well as n will be adjusted to fit the experimental data. 



C. Generalized contact current 

Employing different form factors to interaction vertices 
breaks gauge invariance. Following the prescription of 
Ref. [28] , we restore gauge invariance by introducing the 
following generalized contact term to the amplitude for 
the reaction jp -> /f+£ (1385): 



In the above equation, 



and 



1 jKNS* 



r^E.(?) 



ie- 



M. 



K 



Jknt," 
M 



K 



(15) 



(16) 



(17) 



are vertex functions obtained, respectively, from £ 7 kjve* 
and Cknt,* in Eq. (1) with q being the momentum of the 
outgoing K meson; C* is defined as 



C 1 



(2p + k) 



H fa 



s-M 2 N 



ft, 
(18) 



with the momenta defined in Fig. 1, and the form fac- 
tors in i-channcl [Eq. (13)] and s-channel [Eq. (14)] dia- 
grams are denoted by ft and f s , respectively. Note that 
the first term on the right-hand-side of Eq. (15) is the 
usual Kroll-Rudcrman contact current multiplied by the 
i-channel form factor. The last term is an additional con- 
tact current required to restore gauge invariance of the 
total amplitude in the presence of form factors at the 
hadronic vertices. We note that the contact current as 
specified above also satisfies the crossing symmetry. For 
details on the restoration of gauge invariance and a more 
general form of C M , we refer the readers to Ref. [28]. 



In evaluating the production amplitudes of jp — ► 
if + E°(1385), we need to dress the interaction vertices 
with form factors. We use the monopole type form fac- 
tor for the i-channel K meson exchange diagram, i.e., 



F M (q^,M ex ) 



A 2 



M. 



f2 



A 2 



9ex 



(13) 



D. N and A resonances 

For resonances in the s-channel diagrams, we include 
those with spin j < 5/2. Neglecting resonances with 
higher spins is justified as they have been shown in 
Ref. [10] to couple weakly to the if£(1385) channel. 
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Resonance 


PDG [29] 


Amplitudes of R -» A"E(1385) f 

G(£i) G(£ 2 ) 


hi hi 


Amplitudes of R — > Nj ft 

A l/2 ^3/2 


h h 


iVi"(1945) 
iV§~(1960) 
iV|"(2095) 
A|"(2080) 
A| + (1990) 


5 1 * 1 (2090) 
£>i 3 *(2080) 
£>*:*(2200) 
D 3 * 3 (1940) 
F 3 * 5 *(2000) 


G(2) = +1.7 

G(0) = +1.3 G(2) = +1.4 
G(2) = -2.0 G(4) = 0.0 
G(0) = -4.1 G(3) = -0.5 
G(l) = +4.0 G(3) = -0.1 


-9.8 

0.24 -0.54 
0.29 -0.08 
-0.68 1.00 
-0.87 0.11 


+12 

+36 -43 
-9 -14 
-20 -6 
-10 -28 


-0.055 

-1.25 1.21 
0.37 -0.57 
0.39 -0.57 

-0.68 -0.062 



f : in VGe V 
tf in 10 _3 /VGeV 



TABLE I: Resonances listed in the review of PDG [29] and their decay amplitudes of R — + ^£(1385) and of R — > JV7 predicted 
in Refs. [10, 30]. The coupling constants are calculated using the resonance masses of PDG. 



We classify the resonances into two groups: (A) res- 
onances listed in the review of Particle Data Group 
(PDG) [29] and (B) missing resonances. Since the decay 
widths of the resonances listed in PDG into AT£(1385) 
have not been empirically determined, we have to rely 
on theoretical models, such as the quark model of 
Refs. [10, 30], to determine their coupling constants to 
AT£(1385). Instead of all possible resonances, we con- 
sider only a few of them which are predicted to have 
large couplings to V7 and to AT£(1385). The resonances 
of group (A) and the predictions of the quark model 
given in Refs. [10, 30] on their decay amplitudes are 
given in Table I. These resonances are referred to as 
PDG resonances and include AT± _ (1945), AT§~(1960), 

V§~(2095), A§~(2080), and A§ + (1990), which are 
identified as AT (2090)5^, iV(208Q)DJ£, N(2200)D^, 
A(1940)D^ 3 , and A(2000)F 3 * 5 *, respectively, by the au- 
thors of Ref. [10]. Although listed in the review of PDG, 
these resonances are rated as either one-star or two-star 
resonances, which means that the evidence of their ex- 
istence is poor or only fair [29] and that further works 
are required to verify their existence and to know their 
properties. Accordingly, their total decay widths and 
branching ratios are not known. In the present work, we 
assume the same total decay width of = 300 MeV for 
these resonances. 

The missing resonances which are predicted to have 
large couplings to the #£(1385) channel are listed 
in Table II. These resonances include N\ (2095), 
AT| + (1980), and A§~(2145). Among them the reso- 
nance AT I (2095) is particularly interesting since it is 
predicted to have a very large decay width into the 
#£(1385) channel, r(V§~(2095) -> #£(1385)) ~ 
60 MeV [10]. Photoproduction of #£(1385) thus offers 
an opportunity for finding these resonances. In Ref. [10], 
the missing resonances (2070) and #| (2260) are 
also predicted to have large couplings to ATE (1385), but 
no prediction for their photoexcitation amplitudes have 
been made within the same model. We thus leave the 
investigation on the role of these resonances to a future 
study. We also assume Tr = 300 MeV for these reso- 
nances. 



yp^ K + L°(1385) 




E y (GeV) 



FIG. 2: (Color online) Total cross sections for 7p — + 
A"+E°(1385) without resonance contributions. The pre-1970s 
data are from Refs. [11-13] and the preliminary data of CLAS 
Collaboration are from Ref. [51. 



III. RESULTS 
A. Total cross section 

With the effective Lagrangians and form factors con- 
structed above, we first compute the total cross section 
for jp — > # + £°(1385) without the resonance contribu- 
tions. For the form factors in the s- and u-channel di- 
agrams, we take As = 1.0 GeV with n = 1. For the 
t-channel K exchange, we use Am = 0.83 GeV to re- 
produce the total cross section data at E 1 > 2.5 GeV. 
Following Ref. [31], we avoid the use of Fm for vector 
meson exchanges and the i-channel K* exchange is cal- 
culated by using the form factor Fb with Kb = 1.2 GeV 
and n = 1. With the K*NH* coupling constants deter- 
mined before, namely, g 1 = —5.48 and g 2 = g 3 = 0, we 
find that the contribution from the K* exchange is neg- 
ligible in the considered energy region. Even at higher 
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Resonance 


Amplitudes of R -> ATE(1385) f 
G(£i) G(&) 


hi h% 


Amplitudes of R — > A7 ft 

^1/2 ^3/2 


/i h 


JV§"(2095) 
iV§ + (1980) 
A|~(2145) 


G(0) = +7.7 G(2) = -0.8 
G(l) = -3.6 G(3) = -0.1 
G(0) = +5.2 G(2) = -1.9 


0.99 0.27 
0.59 0.24 
0.25 0.46 


-9 -14 
-11 -6 
+10 


0.49 -0.83 
0.019 -0.13 
0.11 -0.059 



f : in VGeV 
ft in 10" 3 />/GeV 



TABLE II: Missing resonances and their decay amplitudes predicted in Refs. [10, 30]. 



energies, E 1 = 3 ~ 4 GeV, the if* exchange contribu- 
tion is only at the level of a few percent of those from 
other production mechanisms. We have also tested the 
role of the K* exchange by allowing non-vanishing val- 
ues for g 2 and g 3 . We again find that the K* exchange is 
suppressed compared with other production mechanisms 
unless (?2 and/or 33 is as large as ~ 100. Although there 
is no constraint at present on the values of 32 and 33, 
we regard such a large value unrealistic. This leads us to 
conclude that the role of K* exchange in this reaction is 
negligibly small. However, since the K* trajectory has 
a larger intercept than the K trajectory, the role of the 
K* exchange would have a chance to be revealed at very 
high energies. It is thus of interest to measure the cross 
sections at much higher energies, and this would help 
constrain the values of the coupling constants g 2 and g 3 . 

Our result on the total cross section is shown in Fig. 2 
and is compared with the pre-1970's data [11-13] and 
the preliminary CLAS data reported in Ref. [5]. 3 Com- 
parison with the preliminary CLAS data for the total 
cross section of -fp — > KYP (1385) shows that this model 
can explain the general energy dependence of the to- 
tal cross section but not the enhanced cross section at 
E 1 = 1.7 ~ 1.9 GeV. Although varying the cutoff param- 
eters of employed form factors can change the magnitude 
of the cross section, the peak arising from the threshold 
effect cannot reproduce the observed peak in the data. 
This implies that resonances play an important role in 
the production mechanism. 

Including the s-channel nucleon and A resonances 
listed in Tables I and II in the reaction jp — > 
isT + E°(1385), we have recalculated its cross section. In 
this calculation, the parameters of the non-resonant 
terms are fixed as before, while the resonance terms are 
obtained by using the form factor Fb in the form of the 
Gaussian function that is obtained by taking n — > 00 and 
the cutoff Ab = 1.0 GeV, as motivated by the Gaussian 
radial wave functions in the quark model. The resulting 
total cross section for the reaction 77) — > A" + S°(1385) 
is shown in Fig. 3. As shown by the dashed line, the 



yp^ K + L°(1385) 



1.2 r 



pre 1970's 
CLAS (preliminary) 
with PDG resonances 
with all resonances 
sum of all resonances 
PDG resonances only 
missing resonances only 




3 The preliminary CLAS data give very small cross sections for 
E-y < 1.7 GeV, which deviate significantly from our prediction. 
These two data points are now corrected in the new analyses of 
the CLAS data which are in progress [14]. 



FIG. 3: (Color online) Total cross sections for the 7p — * 
if + E (1385) reaction with the resonances listed in Tables I 
and II. See the text for the details. 



contribution from all resonances to the total cross sec- 
tion of jp — > A' + S°(1385) is important in the region 
around E 1 = 1.8 ~ 2.0 GeV. Although the contribution 
coming from the missing resonances (dash-dash-dotted 
line) is small compared to the PDG resonance contribu- 
tions (dotted line), it moves the peak coming from the 
resonant terms to a somewhat higher energy. This re- 
sult shows that most resonance contributions come from 
the sum of the PDG resonances. However, it should be 
kept in mind that this conclusion follows from the quark 
model predictions of Refs. [10, 30] for the empirically 
not well-known decay properties of the PDG resonances. 
Therefore, detailed studies on this reaction could be used 
to constrain the properties of the PDG resonances listed 
in Table I. The total cross sections obtained by including 
only the PDG resonances and all the resonances consid- 
ered in the present work, which also includes the missing 
resonances predicted by quark models, are given, respec- 
tively, by the solid line and the dot-dashed line in Fig. 3. 
These results show that the peak observed in the prelim- 
inary CLAS data can be successfully explained by these 
resonances. 

The contributions from different resonances are shown 
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yp^ K + E°(1385) 



0-15, 




.5 



FIG. 4: (Color online) Contributions from various resonances 
to the total cross section for jp A" + E (1385). 



without resonances yp — > K Z (1385) with PDG resonances 

sum of ail resonances with all resonances 




COS d u COS 0, 



FIG. 5: (Color online) Differential cross sections for 'yp — > 
# + £°(1385) at E-, = 1.7, 1.8, 1.9, and 2.3 GeV with the 
inclusion of resonances. The dash-dash-dotted line is the sum 
of the resonance terms. See the text for the details. 



separately in Fig. 4. The solid line is the sum of all 
the resonances considered in this work and, therefore, 
corresponds to the dashed line in Fig. 3. The largest 
contribution comes from the A resonance A(2000)i<35 
(the dot-dashed line in Fig. 4), and the contributions 
from A(1940)Z?33 (the short dashed line in Fig. 4) and 
7V(2080)L>i3 (the dotted line in Fig. 4) are also notice- 
able. One interesting result is that the contribution from 
the missing resonance iV| (2095) is not the dominant 
one, although it is as large as that from 7V(2080)Di3. 
As discussed above, this missing resonance is predicted 
to have a very large coupling to if£(1385). Its effect in 
the reaction jp — > if + £°(1385) is, however, not large 
as a result of its rather small couplings to N-y. Fur- 
thermore, this resonance has a destructive interference 
with the other missing resonance, A| (2145), so that the 
net contribution from missing resonances becomes small. 
For A^(2090)S , n and 7V(2200)Di 5 , their contributions are 
found to be too small to be shown in Fig. 4. 



B. Differential cross section and photon asymmetry 



yp-> K + S°(1385) 



: E =1.7 GeV : 


— I l l — 
: E y =1.8 GeV : 


V, U, ■ 

without resonances 

Z with PDG resonances T 

I with all resonances : 




III 
L E y =1.9GeV 


j i i i i i i i | i i i i | i i i r 

I E=2.3 GeV 




try, _ ^ 

H I r T I I T 1 I T I I T T I I T I r T " 



( 

-1 -0.5 0.5 -1 -0.5 0.5 



cos 6 K cos 8 K 

FIG. 6: (Color online) Single photon asymmetry for the re- 
action 7p 7f + E°(1385) at £ 7 = 1.7, 1.8, 1.9, and 2.3 GeV. 
Dashed lines are without the resonance contributions. Solid 
lines are obtained with the PDG resonances, whereas the dot- 
dashed lines are with all resonances considered in the present 
work. 



Similar conclusions on the role of resonances in the re- 
action 7p — * K + £°(1385) can be drawn from its differen- 
tial cross sections shown in Fig. 5. The solid and dashed 
lines, which are obtained with the PDG resonances and 
with all resonances, respectively, are close to each other, 
but they can be distinguished from the dotted lines that 
are obtained without the resonant contribution, provided 
the data are accurate enough, in particular, in the region 
of E 1 = 1.8 ~ 1.9 GeV. At higher energies, the models 
with and without resonances give nearly the same result. 
The contributions from the sum of all the resonances con- 
sidered in the present work are given by the dot-dashed 
lines. 



We next consider the photon single asymmetry in the 
reaction — > if + £°(1385), which is defined as 

s _ da x /dfl - da y /dn 
da x /dfl — day/dtl' 

where da x /dQ and da y /dfl are the differential cross sec- 
tions with linearly polarized photons in the x-direction 
and in the y-direction, respectively. Here, the x-direction 
and the beam momentum direction (i.e., the z-direction) 
define the reaction plane, and the y-direction is trans- 
verse to the reaction plane. The results are shown in 
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Fig. 6, and it is seen that the role of the resonances can be 
verified by measuring the photon asymmetry. The sim- 
ilarities observed between the solid line (obtained with 
PDG resonances) and the dot-dashed line (obtained with 
all resonances) make it, however, difficult to identify the 
role of the missing resonances. 



IV. SUMMARY AND DISCUSSION 

In this paper, we have studied the reaction mechanisms 
for AT£(1385) production in photon-proton collisions. We 
find that the peak observed in the preliminary total cross 
section data of the CLAS Collaboration requires the in- 
clusion of the resonance contribution in the production 
mechanism. We have accounted for the role of the res- 
onances based on the effective Lagrangian approach. In 
the present work, we have considered eight nucleon and 
A resonances. Five of them are listed in PDG (Table I) 
and three of them are missing resonances predicted by 
the quark model (Table II). However, the properties of 
these resonances are poorly known or unknown even for 
the PDG resonances, and we have thus relied on the pre- 
dictions of hadronic models for the resonance parameters. 
In particular, we have related the amplitudes of R — ► N-f 
and R — > i^E(1385) decays with the coupling constants 
of our effective Lagrangian, and the predictions of a quark 
model made in Refs. [10, 30] for the decay amplitudes are 
then used to determine these coupling constants. 

The results obtained in this work show that the 
most important contribution comes from A (2000)^35, 
and the contributions of A(1940)D 33 and A(2080)Di 3 
are also important. Among the missing resonances, 
the AT | (2095) contribution is comparable to those of 
A(1940)Z?33 and A(2080)L>i 3 . Although this resonance 
has the largest partial decay width into the A"E(1385) 
channel, its small photon helicity amplitudes into A7 
reduces its contribution to this reaction. Furthermore, 
the contributions from the missing resonances are found 
to have destructive interference with other missing reso- 
nances, and this makes the sum of the missing resonance 
terms rather small. This is also verified by our results on 
the photon single asymmetry in this reaction. Our pre- 
dictions for the cross section and photon single asymme- 
try show a significant difference between the models with 
and without the resonances, and this can be verified by 
experiments at the currently available electron/photon 
facilities. 

It should be stressed that further works to unravel the 
properties of the resonances is strongly required. For ex- 
ample, some other missing resonances such as Nj (2070) 
and iV| (2260) are predicted in Ref. [10] to have large 



4 It should, however, be noted that the final-state interactions may 
give nontrivial contributions to spin asymmetries. 



couplings to the AT£(1385) channel. However, we could 
not study their role in the reaction jp — ► AT + £°(1385) as 
their photon helicity amplitudes are unknown in the same 
quark model. Furthermore, the properties of resonance 
decays into if£(1385) and A^7 should also be investi- 
gated by other models of hadron structure. This would 
help us to improve our understanding of the resonances 
and search for the missing ones. Finally, to identify the 
role of resonances of different isospin, it is desirable to 
study if£(1385) photoproduction in other isospin chan- 
nels. 
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APPENDIX A: PROPAGATORS AND ISOSPIN 
STRUCTURE 

The propagator of a spin-3/2 Rarita-Schwinger field of 
momentum p and mass M reads as 

A «/^> M ) = ^Jp S "P(P> M )' ( A1 ) 

where 

S afl (p,M) = -g afi + \i a i p . (A2) 

With 

9/j.v ~ ' 

%=%- fet, (A3) 

this leads to 

S a p(p, M) = -g af3 + ^7 Q 7/3 + (j a pp - p a -f (j ) 

+ ^pP*P0- (A4) 

The propagator of a spin-5/2 baryon of momentum p 
and mass M is written as [32-35] 

i> - M 

]\/r2 

(p,M), (A5) 
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where 

(A6) 

For resonances with finite width T, the mass M in the 
propagator is replaced by M — iT/2. 

Since we are considering nucleon and A resonances, the 
resonance field R has cither isospin-1/2 or isospin-3/2. 

I 



By omitting the space-time indices, the isospin structure 
of RKY,* interaction reads as 

i?S* • tK, (A7) 

for isospin-1/2 resonance R. If the resonance R has 
isospin-3/2, the effective Lagrangian has the isospin 
structure as 

RT 3/2 , 1/2 ■ (A8) 

where 



T (+i) 

^3/2, 1/2 



fV3 0\ 
1 


V o o/ 



r (o) 

L 3/2,l/2 ~~ 



f o o\ 

V2 V2 


\ o o / 



r (-i) 

l 3/2,l/2 



fo \ 



1 



(A9) 



In the interaction Lagrangians presented in Appendix B, the isospin structure given above is always understood. 



APPENDIX B: COUPLING CONSTANTS AND DECAY AMPLITUDES 



The effective Lagrangians for photoexcitation of a resonance from a nucleon can be written as 



^■RNji^) 



^-NT^a^A^R + R.c, 

ZM TV 

^^-NT^F^R. - , e J\ d v NT^ F» v R„ + H, 



2M N 
eh 



" (2M N y 



CRNjif) = ^i 1 , 2 NT^d a F^R^ a - -^- d v NT^d a F^R fia + H.c, 



(2M N ) 



(2M, 



(Bl) 



for f = i ± , | ± , and ^ resonances. In the above, is the photon field with F» v = d»A v - d v A»; R, and R^ 

arc the spin-1/2, spin-3/2, and spin-5/2 resonance fields, respectively; and and are defined in Eq. (11). 

The coupling constants /i and f 2 in Crn^ are related to the photon helicity amplitudes of the resonance R, which 
are defined as 



it (2j + 1)M R 



|^i/ 2 | 2 + |^3/2| 



(B2) 



where fc 7 = {M R -M%)/{2M R ) and Mr is the resonance mass. With our effective Lagrangians, the helicity amplitudes 
are expressed as [36] 



4»/2(| 



A3/2(f) 



A/ 2 (l ± ) = T 



;V6 

~12~\ M N M R 
eV2 1^ M R 



M r (M r tM n ) 



^i/2(| ) = ± 



AM N V M N 
e fc^ 



4V10M7V V M N M R 



AM 2 N 



Mr{M r ±M n ) 



= ± 



e fc 7 / k 7 M R 



4VEM%y M, 



L N 



(B3) 
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where the spin-parity of the resonance is given in parentheses. 

For the interaction Lagrangians describing the decay of a baryon resonance R of spin-parity j 7r to K £(1385) of the 

spin-parity combination 0~ + § + , consideration of angular momentum and parity conservation leads to only one term 

for j* = 7^ resonances and two terms for resonances with j > |. The general form of these interaction Lagrangians 
can be written as 



C RK ^(I ) = E'TWfl, + ^S^^S^f^^ + H.c, 



.rkv{\ ) = j^d^KZ* a TWR a0 - J ^d»d a dPKX;rWR af3 + B_.c.. (B4) 
The decay width of resonance R into if £(1385) is then obtained as 

r^-JfE') = 2^ MB ^g. ( g s- TMs-)|x^(Mb±M e .)' (2E|. fifefe +5M|.) 

h\\ll lit, , \ln-n h 2 



T 2^M R q 2 (M R ± M E .)(2£ E , TM S ,) + 2 ^ M *<? 4 



r^^A-E*) - ^^^^(£ E ,±M E o|^(M* T M E ^^ 

T 4^M R q 2 (M R T M E . ) (225 E . ± M E , ) + g 4 1 , (B5) 

depending on its spin-parity. In the above, g is the magnitude of the three-momenta of final-state particles in the rest 
frame of the resonance, 

q = yVj^ - (M S . + M X )2] [M| - (M S . - M K ) 2 ], (B6) 

and £? E » = y/M'£. + q 2 . Above formulas are valid for the decays of resonances of isospin-1/2 as well as isospin-3/2. 

For a j — 5 resonance, the decay width can be used to determine the magnitude of the coupling constant hi but not 
its phase. For resonances with j > |, this gives only one relation for two coupling constants, hi and Therefore, 
we need to know the decay amplitudes to uniquely determine the coupling constants. The signs of the couplings are 
then fixed by hadron model predictions. 

The decay amplitude for R — > if £(1385) can be written as 

(K(q)Z^-q,m / )\-iHto\R(0,m j ))=2nM R ^^(im e %m f \jm j )Y (B7) 

V 9 i ™ 



where Yg me (q) and (f | m^\j m-) are the spherical harmonics and Clebsch-Gordan coefficient, respectively. This 
also defines the partial wave decay amplitude G(£). The relative orbital angular momentum I of the final state is 
constrained by the spin-parity of the resonance. The decay width is then given by 

Y(R^KY?) = ^\G{1)\ 2 , (B8) 

i 

where the values of G(l) can be obtained from the prediction of hadronic models, for example, in Rcf. [10]. 

For the decay of a j 71 " = \ resonance, angular momentum conservation restricts the relative orbital angular 
momentum to £ = 1,2. For the decay of a positive parity resonance, the final-state particles are therefore in the 
relative p wave, while they are in the relative (i-wave in the decay of a negative parity resonance. In this case, we have 
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for a j 71 " = j + resonance, and 



G(2) = -^J^V^V^-^^ (BIO) 
for a j 7r = i resonance. 

For a resonance of j = |, the final if £(1385) state is in the relative p and / waves in the decay of a positive parity 
resonance and are in the relative s and d waves in the decay of a negative parity resonance. The decay amplitudes 
can be written in terms of the coupling constants as 

rm - r (3 /^ hl + r<^/ 2 ) h<1 



G(3) = Gg/^+Gg'^, (BID 



for a positive parity resonance, where 



„(3/2) V30 q's/Wii IT— 

G " 2> - -^^v / ^ v/sg7 ^ r(MK+ME - )<£E - - Me0 ' 



and 



for a negative parity resonance, where 

V6 



r 02 

.(3/2) 



V6 1 



(B12) 



G( o) = G ^+4r% 

G(2) = GT% + G^^ K (B13) 



In the decay of a spin-5/2 resonance into ii"£(1385), the final state is in the relative p and / waves for a positive 
parity resonance and is in the relative d and g waves for a negative parity resonance. The decay amplitudes are then 
written as 

r<r\ - r^/ 2 ^ hl j- r^/V h2 
G(1) - Gl1 M| + Gl2 

G(3) = ^Z^ + Gr^, (B15) 
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for a positive parity resonance, where 



and 



G (5/2) = 1 q_ 

11 100? M s , V M R 



y/E^ + M E ,(M fl - M E ,)(2£ E . + 3M E .), 



^(5/2) 1 q 3 VqMR r=, M 



-^(5/2) 

°31 



V^e* + M E . [M R - M E ,)(£ E . - Af E .), 



G 



(5/2) 
32 



15-v/tt M E , V Mr 



- <^21 T7T + 22 



(B16) 



M 2 



M\ 



r(A\ - r i5 / 2 i hl j. r^ 5 / 2 ) ft2 



(B17) 



for a negative parity resonance, where 



G 



(5/2) 
21 



r (5/2) 
(jr 22 



r (5/2) 
Lr 4 l 



G 



(5/2) 



V105 g 
210^ Ms* V M fl 

^105 q 3 VqMR 
105V^ M s . 

70 g 



V£ E . -M s .(M fl + M E .)(2£ E . + 5M E »), 



35^ M E » V M fl 
V70 q 3 Vq~MR~ 



V^ E » - M s « (M fl + M E * ) (£ E . — M E »), 



35^ M> 



- M E * . 



(B18) 



r 



It can be verified that the decay widths obtained from structed for resonances of spin up to 5/2, but they can 
Eq. (B8) with the above relations reproduce the results be straightforwardly generalized to resonances with arbi- 
given in Eq. (B5). Above effective Lagrangians are con- trary spin-parity. 
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